Mononuclear phagocytes have been shown to play a significant role in the pathogenesis of infections by a number of viruses including poxviruses (reviewed in 2, 36). One mechanism described relates to the innate ability of macrophages to limit virus spread; for example, strains of poxviruses which replicate poorly in the host macrophages tend to produce self-limited diseases, whereas those that replicate readily often produce fatal disease (36, 42, 50) . Another mechanism involves the migration of mononuclear phagocytes to areas of poxvirus replication during the course of disease, and this migration correlates with the appearance of T-lymphocytes immune to virus antigens (5, 6) . Lymphokines liberated by lymphocytes in the presence of specific antigens are capable of altering the functional state of macrophages (54) . Increased microbicidal activity is one manifestation of altered macrophage function, and cells so altered have been termed activated macrophages (see 40) . Macrophages from mice infected with ectomelia virus (7) or herpesviruses (44, 47) and from chickens infected with fowlpox virus (41) were found to have enhanced bactericidal capacity. Thus, engulfment of viruses by activated macrophages which develop during the course of infection would prevent virus spread provided virus replication is limited in these macrophages.
Vaccinia virus replicates in macrophages obtained from the peritoneal cavity of normal rabbits, but cells obtained from rabbits infected with vaccinia virus do not support the replication of the virus (51) . The altered capacity to support virus replication becomes evident 5 to 6 days after the rabbits are infected; maximal inhibition of replication is observed in cells obtained 2 weeks after infection, and the degree of restriction of replication decreases as the virusinduced lesions resolve (34, 50) . The inhibition of virus replication is not limited to vaccinia virus (34, 50) , and it is lost if the macrophages are incubated at 370C for 7 days in vitro before being challenged with virus (45; N. A. Neiderkorn-Buchmeier, Ph.D. thesis, McMaster University, Hamilton, Ontario, 1977) .
Studies concerned with the mechanisms of restriction of poxviruses in peritoneal exudate cells from infected animals have produced conflicting results. Avila et al. (3) examined the interaction of vaccinia virus with macrophages from rabbits which had or had not been infected with vaccinia virus. They reported that virus adsorbed equally well to macrophages from both sources, but the virus remained associated with the surface of activated macrophages and fewer of these cells subsequently produced antigens detectable by immunofluoresence when compared to cultures of control macrophages. Greer et al. (18) , using the same system, found by electron microscopy virus particles and cores in equal amounts within activated and control macrophages which suggested no alterations of adsorption, penetration, or early uncoating of virus in activated macrophages. Schultz et al. (45) rophages obtained from rabbits infected with vaccinia virus. However, the antibodies were present in low concentrations and the restriction of virus replication could not be transferred to macrophages from uninfected animals by antibody. Although these authors concluded that cytophilic antibody was not a plausible explanation for restricted virus replication, opposite conclusions were reached by Ueda and Nozima (53) and by Koszinowski et al. (29) , who studied the interaction of vaccinia virus with cultured macrophages of mice. The latter workers found an increased clearance of virus from the culture fluids of macrophages from infected mice as compared to cells from control mice, and antiviral immunoglobulin G enhanced uptake by macrophages from control animals. Ueda and Nozima (53) found reduced yields of virus from peritoneal macrophages of mice previously infected with vaccinia virus, and these authors could elute detectable amounts of antiviral antibodies from cell cultures which restricted virus replication.
Since the macrophages appear to have a role in regression of poxvirus lesions, delineations of the mechanisms by which the macrophage restricted virus replication could contribute to our understanding of host resistance. The present study was undertaken to more fully characterize the abortive infection of vaccinia virus in macrophages obtained from rabbits infected with the virus. We found that virus replication was blocked late in the replicative cycle.
MATERIALS AND METHODS
Virus. Virus stocks of the WR strain of vaccinia virus were grown in primary rabbit kidney cells and in Vero cells. Virus was released from the cells by freeze thawing when the cells displayed almost total cytopathic effect. Cell debris was removed by centrifugation at 1,000 rpm for 10 min, and the virus was stored at -700C. Tritiated thymidine-labeled vaccinia virus was produced by the addition of 1 MCi of [3H]thymidine per ml (20 Ci/mmol, New England Nuclear) to the medium after virus adsorption. Vaccinia virus was purified by a method described by Joklik (21) and modified by Katz and Moss (27) Characterization of PE cells. The PE cells which adhered to glass slides were stained for nonspecific esterase activity by the method described by Koski et al. (28) . The phagocytic capacity of the cells was examined using latex particles. PE cells were seeded into Lab-Tek tissue culture chamber slides (Miles Laboratories, Inc.) at 4 .0 x 106 cells per well in 0.4 ml of MEM. The slides were incubated for 90 min at 37°C and then washed twice with medium to remove nonadherent cells. Two drops of Latex-RF Reagent (Behring Institute) were added to each well, and the slides were incubated for 60 min at 37°C. Residual latex particles were then removed by washing. The slides were air dried and stained with May-GrunwaldGiemsa. Cells containing three or more latex particles were considered positive.
To assess the fate of Listeria monocytogenes in the cells, PE cells were washed three times in HBSS containing 0.5 U of heparin per ml. The cells were adjusted to 107 viable cells per ml in HBSS containing 0.1% (wt/vol) gelatin. To 0.5 ml of the cell suspension were added 0.4 ml of HBSS and 5 x 106 colony-forming units of L. monocytogenes in 0.1 ml. After 10 and 90 min of incubation at 37°C, 10-,l volumes were removed and dispersed in HBSS containing 100 U of penicillin per ml and 100 1g of streptomycin per ml.
The mixture was then incubated for 15 35 -mm culture dishes were inoculated with either 0.5 ml of vaccinia virus stock (7 x 107 PFU/ml) or 0.5 ml of MEM plus 2% FCS. After a 30-min incubation period, the inoculum was removed and 0.5 ml of MEM plus 2% FCS was added to the dishes which were incubated at 37°C. At hourly intervals, the cells were pulsed for 5 min with 5 ItCi of [3H]thymidine per ml. After the 5-min labeling period, the medium was removed and the cells were scraped into 1 ml of cold reticulocyte standard buffer and allowed to swell for 10 min on ice. The cells were then ruptured by 10 strokes of a Dounce homogenizer. The DNA was precipitated by the addition of 1 ml of 15% cold trichloroacetic acid, and the precipitates were counted using scintillation fluid containing 10% BioSolv (Beckman Instruments, Inc.).
Antiserum. Antiserum to vaccinia virus was raised in rabbits by initially infecting them intradermally on the back with vaccinia virus. They were then given repeated intravenous injections of purified vaccinia virus until the serum produced strong immunodiffusion bands against virus antigen.
Indirect immunofluorescence. Cells were infected with 2.5 PFU of vaccinia virus per cell for 30 min, washed, suspended in MEM plus 10% normal rabbit serum, and then allowed to adhere to cover slips. During the incubation period, the cover slips were sampled by rinsing in three changes of phosphate-buffered saline for 5 min each and then air drying. The cells were then fixed in acetone for 10 min and stained using a 1/100 dilution of rabbit antiserum and a 1/40 dilution of fluorescein-conjugated immunoglobulin G fractionated from goat anti-rabbit gammaglobulin (Cappel Laboratories). Immunodiffusion. Antigen used for immunodiffusion was prepared by infecting adherent PE cells with vaccinia virus (5 PFU per cell). After 1 h of adsorption, MEM with either 2% FCS or 2% normal rabbit serum was added to the cells. At sample times, the medium was removed and the cells were scraped into saline. The cells were lysed by freeze thawing and then sonicated before use as an antigen. Samples were applied to slides covered with 1% agarose using plastic templates, and the slides were incubated for 3 days in a humidified chamber before fixing and staining.
Virus particle production. Adherent PE cells were infected with vaccinia virus at a multiplicity of 2.5 PFU per cell. DNA was labeled using 5 Characterization of the PE cells. The adherent populations of PE cells from both infected and control rabbits were essentially all mononuclear, with less than 1% being small lymphocytes. About 80% of the cells had eccentrically located nuclei, which were indented, and basophilic cytoplasm. The remaining cells contained oval nuclei, which were centrally located, and the cytoplasm stained basophilic but to a lesser degree than the major cell population. Between 75 and 80% of the cells were esterase positive, and an equal portion was found to engulf latex particles. Exposure of the cells to L. monocytogenes for 10 min at 370C resulted in a greater uptake of bacteria by PE cells from rabbits infected with vaccinia as compared to cells from control rabbits (Table 1) . After incubation for 90 min at 37CC, there was an increase (Table 1) . Thus, the PE cells from the virus-infected rabbits appeared to be primarily macrophages which were activated with respect to bactericidal activity.
As previously reported, we found the replication of viruses to be inhibited in PE cells from rabbits infected with vaccinia virus. The titers of Pichinde virus were found to increase in cultures of macrophages from control rabbits, reaching 3.4 x 103 to 8.7 X 103 PFU per ml after 3 days of incubation, while Pichinde virus titers decreased to 50 to 100 PFU/ml in cultures of macrophages from rabbits infected with vaccinia virus. The replication of vaccinia virus in normal and activated macrophages is shown in Fig. 1 . Virus DNA synthesis. To determine if the replication of virus DNA occurred, the synthesis of DNA, as assessed by the incorporation of [3H]thymidine, was monitored in virally infected normal and activated PE cells. There was a peak of DNA synthesis in both activated and normal peritoneal macrophages from 3 to 6 h after infection with vaccinia virus (Fig. 3) . The levels of DNA synthesis remained low in the mock-infected cells.
Synthesis of virus proteins. The presence of vaccinia virus antigens could be detected in the macrophages by indirect immunofluorescence. Similar patterns of staining were observed in both activated and normal macrophages, and the time course of appearance of the antigens was the same in the two types of cells. At 6 h after infection, cultures of both activated and normal macrophages contained a few cells which displayed dim, diffuse cytoplasmic fluorescence.
By 22 h after infection, a bright cytoplasmic fluorescence was observed in about 60 to 70% of the cells in the cultures of both types of macrophages. The appearance of the activated macrophages which had been infected with the virus was similar at 48 cells in the cultures of normal macrophages had become detached from the cover slip. The fluorescent staining was considered specific since it was not observed in uninfected cells treated with antiserum to vaccinia virus nor in infected cells treated with preimmune rabbit serum. Virus proteins were also detected using twodimensional immunodiffusion. In normal PE cells infected with vaccinia virus, a faint band was visible in antigens prepared by solubilizing cells 4 h after infection and four bands could be readily detected in preparations of cells harvested 6 h after infection (Fig. 4) . Activated PE cells infected with vaccinia virus also produced viral antigens, and faint bands could be detected in cells harvested 4 h after infection (Fig. 5) . As with normal macrophages, four bands were discernible in activated PE cells harvested 6 h after infection. Additional bands were detectable 9 h after infection, and some of these bands were identical with those obtained using lysates of primary rabbit kidney cells which had been infected with vaccinia virus and incubated 18 h at 370C. As is evident in Fig. 5 , the antiserum contained antibody to FCS; however, the two bands to FCS did not identify with those present in the preparations of infected cells.
Production of virus particles. Two methods were used to assess the formation of progeny virus in the infected macrophages. One method consisted of infecting cells with vaccinia virus, incubating the cultures in the presence of [3H]-thymidine, and then searching for radiolabeled particles which sedimented like vaccinia virus in sucrose gradients. DNA-containing particles were detected in cultures of Vero cells infected with virus and incubated for 8 h at 370C (Fig. 6 ). The peak of radioactivity coincided with a peak of virus antigen as determined by the complement-fixation test (Fig. 6A) . Amounts of virus sufficient to detect by gradient centrifugation were not produced in macrophages by 8 h after infection, although by 22 h after infection a large peak of DNA-containing particles was found in lysates of infected normal macrophages (Fig.  6B) . No peak of virus-sized particles containing DNA and no viral antigens were detected in gradients of lysates of activated macrophages which had been infected with the virus (Fig. 6C) .
To substantiate these findings, activated macrophages and normal macrophages were infected with vaccinia virus, incubated for 22 h, and, together with matched uninfected control cultures, were examined by a second method, thinsection electron microscopy. Preparations were confirmed to contain more than 98% macrophages, and neither the population nor the character or condition of cells was shown to have been morphologically affected by the conditions of harvest or the method of activation. In all cases the macrophages had typically large cytoplasmic profiles with expected high concentrations of ribosomes and membranous organelles.
In the infected macrophages from control rabbits, more than 50% of the cells exhibited evidence of infection in each plane of section. Because of the focal nature of the poxvirus infection and the single plane of section examined (to avoid recounting cells), this percentage is an underestimation. In these cells all of the morphogenetic stages in the production of mature virus particles were evident; infection progressed normally to the final stages of particle maturation, particle budding, and particle release via cell dissolution. In the infected macrophage from rabbits infected with vaccinia virus, only 17 of the 387 (4.4%) cells counted exhibited any morphological evidence of infection. Of these 17 cells, 4 contained mature virus particles but no viroplasm ("factories") and none of the intermediate forms of the poxvirus morphogenetic sequence. Because of the number and location of these particles in cytoplasm, it was considered that they were the result of infection and maturation, rather than phagocytosis. Two cells contained mature virus particles and intermediate forms, a clear indication of productive infection (Fig.  7) . Eleven cells contained only viroplasm, immature virus particles (consisting of lipoprotein membranes with spicules and variably condensed core structures), but had no dense, brickshaped mature virus particles (Fig. 8) . These observations suggest a late arrest of virus maturation or an interruption of an ongoing normal infection process. DISCUSSION The importance of the macrophage in combating viral infections is evident at several levels. The macrophage plays a crucial role in inflammation and in the generation of specific cellmediated and humoral immunity. However, many viruses replicate so rapidly that the appearance of cell-mediated and humoral immunity at 4 days postinfection is ineffective in clearing the heavy virus load. The fact that macrophages are able to clear virus particles by phagocytosis provides an accessory mechanism for preventing virus spread to new targets. The importance of the macrophage has been illustrated in studies in which the lethality of a virus was enhanced by treating animals with agents known to destroy macrophages (38, 46, 52, 55, 56) . Reciprocally, lethality has been reduced by treating animals with immunopotentiators known to activate macrophages (16, 38) . In addition, passive transfer of peritoneal macrophages to susceptible animals early in the course of infection has been found to reduce lethality (16) . Viruses can be rendered noninfectious by phagocytosis, because many viruses are unable to replicate within macrophages. After entering the macrophages, these viruses undergo an abortive replicative cycle and do not produce infectious progeny. However, in some cases viruses are able to replicate within macrophages. Genetic differences in susceptibility between inbred strains of animals to various viruses (1, 4, 17, 32, 39) or differences in the virulence of related strains of virus (36, 42, 50) have been attributed to the relative ability of macrophages cultured in vitro to support virus replication. Similarly, in some studies, the age-dependent resistance to virus infection has been related to the ability of the maturing macrophage to abort viral infection (19, 20, 46, 48, 49) . Taken together, the evidence acquired from these different approaches strongly suggests that macrophages are involved in controlling certain virus infections.
The mechanisms by which macrophages restrict virus replication have not been examined in detail. Leukocytes and peritoneal exudate cells from animals infected with some viruses have been reported to produce increased amounts of interferon (14, 15) , and type II interferon has been found to inhibit the cytopathic effect of mouse hepatitis virus-3 and influenza virus in mouse macrophages (54) . The addition of peritoneal exudate cells from infected mice or from mice treated with pyran or Corynebacteriumparvum to monolayers of mouse fibroblasts protected the fibroblasts from destruction by vaccinia virus (14, 37, 44) . This protection was mediated by a soluble factor and could be overcome by high inputs of virus. The restriction of vaccinia virus which we observed in rabbit macrophages appeared to be different since the restriction could not be overcome with high virus inputs and, as detailed below, the block in the replicative cycle was unlike that described for interferon.
In our study, no differences were observed in the attachment of radiolabeled virus to activated and normal macrophages, thus confirming the report of Avila et al. (3) . In both cases, 10 to 35% of the virus was adsorbed; this was consistently less than the 60% of the inoculum which adsorbed to Vero cells. The kinetics of adsorption of the virus to activated and normal macrophages were similar, and maximum adsorption occurred in the first 30 min of incubation. These observations are in keeping with the findings of others who have studied the adsorption of vaccinia virus to L cells (11) and to HeLa cells (22) . In agreement with the morphological observations of Greer et al. (18), we found the uncoating of vaccinia virus occurred at a similar rate and magnitude in activated macrophages, normal macrophages, and Vero cells. Deoxyribonuclease-susceptible viral DNA first appeared after 1 h of incubation and increased at a constant rate until 4 (24, 26, 30) or rabbitpox (26, 30 ) strongly suggested that virus DNA was made in the macrophages.
Continuous protein synthesis is required for vaccinia virus DNA replication (24, 26) ; thus, the synthesis of DNA in the activated macrophages again suggests that the block in replication of the virus was not early in the growth cycle. This was substantiated by detecting the appearance of virus antigens in the infected macrophages. By immunofluorescence, a dim diffuse fluorescence was observed in the cytoplasm of the cells 6 h after infection which progressed to bright fluorescence by 22 h. The pattern of progression of staining noted in the macrophages was similar to that described in other cell types by Cairns (9) , and no differences were found between activated and normal macrophages. The synthesis of vaccinia virus proteins was also demonstrated by immunodiffusion. Immunoprecipitin bands were first detected 4 h after infection; three bands were clearly visible by 6 h and four bands were clearly seen in lysates of cells harvested 9 h after infection. The sequential appearance of the bands was essentially the same for both activated and normal macrophages. It is of interest that six or seven immunodiffusion bands could be detected when we used lysates of Vero cells or primary rabbit kidney cells infected with the virus. The bands are comparable in number to those found by Cohen and Wilcox (10) , who used antigen prepared in KB cells, and to the seven bands found in extracts of rabbit skin or chorioallantoic membranes infected with cowpox (43) . The reason for the lesser number of bands in macrophages is not known.
A major difference was found between activated and normal macrophages in the assembly of progeny virus in the infected cells. Very few activated macrophages were found to contain INFECT. IMMUN. immature or mature virions by electron microscopy, and labeled progeny virus could not be detected by density gradient centrifugation of lysates of these cells. This was in marked contrast to normal macrophages where the majority of the cells contained mature virus particles and labeled virus could be readily detected by density gradient centrifugation of lysates of these cells. Although the majority of activated macrophages were infected, as determined by immunofluorescence, these cells displayed none of the characteristic ultrastructural changes associated with vaccinia virus infection; there was no condensation of viral products into viroplasm ("factories") and no evidence of synthesis of virus envelope structures. These observations suggest that the block in morphogenesis of virus in activated macrophages is temporally related to processes associated with viroplasmic condensation. Although viroplasmic condensation is the earliest stage in virion synthesis detectable by electron microscopy, it represents a late stage in the overall replication cycle-a stage when virus constituents have been synthesized and are about to be assembled via a complex but rapid morphogenetic process. Thus, the biochemical evidence presented here which indicates that a late step in the vaccinia virus growth cycle is arrested in activated macrophages is not contradicted by the ultrastructural observations.
Interferon acts by selectively inhibiting vaccinia-specific translation (8) . In interferontreated cells, early viral ribonucleic acid is synthesized (25) , but no early virus proteins (8, 23, 35) or viral DNA (23, 31) is made. Pretreatment of cells with interferon also inhibits the complete uncoating of vaccinia virus (33) . In addition, treatment of normal rabbit macrophages with interferon produced in rabbit kidney cells did not inhibit the replication of vaccinia virus (Neiderkorn-Buchmeier, Ph.D. thesis). Thus, the block late in the replicative cycle of vaccina virus which we found in activated macrophages is incompatible with the known mechanism of action of interferon. It should be noted, however, that this conclusion assumes all types of interferon inhibit virus replication by similar mechanisms.
It has been suggested that several functional states may exist as macrophages differentiate from an unstimulated state to a fully activated state (37) . As assessed by antibacterial activity, the adherent cells obtained from the peritoneal cavity of virus-infected rabbits in our study appeared to be activated. The differences in virus replication that we observed in normal and activated macrophages in rabbits could represent a phenomenon unique to the fully activated state. However, it is also possible that macrophages from uninfected animals may be able to limit virus replication by a similar mechanism. This latter possibility is suggested by reports that the susceptibility of macrophages from normal animals to viruses vary between viruses (13) and between animal host (32, 47) . While the nature of the abortive replication has not been characterized for most virus-macrophage combinations studied, data are available for herpes simplex virus. This virus replicates readily in macrophages from newborn mice but not well in macrophages from adult mice, and the defect in replication has been shown to be related to virus assembly (48) . Human peripheral blood monocytes infected with herpes simplex virus were also found to produce viral antigen but no mature virus (12) . The block occurred late in the replicative cycle and, as with vaccinia virus in activated rabbit macrophages (45) , could be overcome by preincubating the cells in vitro for 7 days before infection. Thus, the age-associated restriction of herpes simplex virus in mice and in adult human monocytes resembles, at least superficially, the type of restriction observed for vaccinia virus in activated macrophages from rabbits. Further studies are needed to delineate the changes in macrophage metabolism responsible for inhibiting virus maturation and to clarify the relation of these metabolic changes to the phenomenon of activation.
